Abstract The variability of cirrus ice microphysical properties is investigated using observations obtained during the Small Particles in Cirrus (SPARTICUS) campaign. An existing approach that represents a size distribution (SD) as a single gamma function using an ellipsoid of equally realizable solutions in (N 0 , λ, μ) phase space is modified to automatically identify multiple modes in SDs and characterize each mode by such an ellipsoid. The modified approach is applied to ice crystals with maximum dimension D > 15 μm collected by the 2-D stereo and 2-D precipitation probes on the Stratton Park Engineering Company Learjet. The dependencies of N 0 , μ, and λ from each mode, total number concentration, bulk extinction, ice water content (IWC), and mass median maximum dimension D mm as a function of temperature T and cirrus type are then analyzed. The changes in the observed codependencies between N 0 , μ, and λ, bulk extinction, IWC, and D mm with environmental conditions indicate that particles were larger at higher T during SPARTICUS. At most two modes were observed in any SD during SPARTICUS, with the average boundary between them at 115 μm, similar to past studies not using probes with shatter mitigating tips and artifact removal algorithms. The bimodality of the SDs increased with T. This and the differences in N 0 , μ, and λ between the modes suggest that particles with smaller D nucleated more recently than particles with larger D, which grew via vapor deposition and aggregation. Because smaller crystals, whose concentrations are uncertain, make marginal contributions to higher order moments, the use of higher moments for evaluating model fields is suggested.
Introduction
Cirrus clouds cover around 30% of the planet [Wylie et al., 2005] . They make significant contributions to the Earth's radiation budget by cooling the Earth via reflection of sunlight back to space and by warming the Earth through emission of blackbody radiation at a temperature colder than the Earth's surface, preventing heat from escaping. The balance between these two competing effects is highly dependent on the microphysical properties of cirrus including particle size and shape [Ackerman et al., 1998 ]. Distributions of ice particle shapes and sizes also determine the ice particle total number concentration N, number distribution function N(D), bulk extinction β, ice water content (IWC), mass weighted terminal velocity v m , effective radius r e , and single scattering properties, all of which must be known for developing accurate parameterizations of ice particles that are used in models with a variety of temporal and spatial scales. General circulation models (GCMs) are sensitive to the parameterization used to represent ice cloud processes, which have been noted as a weak link in GCMs [Stephens, 2005] . For example, v m controls cloud coverage and lifetime simulated by climate models [Jakob and Klein, 1999; Sanderson et al., 2008] , both of which control the total radiative effect. IWC and mass-weighted median diameter D m are also retrieved from remote sensing measurements [e.g., Szrymer et al., 2012; Delanoё et al., 2005 Delanoё et al., , 2014 ; knowledge of ice cloud properties is needed to develop and evaluate such retrievals. To improve and evaluate the representation of microphysical/cloud processes in models and retrieval schemes, knowledge of how ice properties depend on environmental conditions is hence required.
General circulation models (GCMs) use bulk microphysics schemes to predict one (e.g., IWC) or two moments (e.g., N and IWC) of the size distribution for each class of hydrometeors in the model (e.g., ice, snow, and rain) [Gettelman et al., 2010] . The parameters of a gamma distribution can be used to represent the number distribution function N(D), given by
where N 0 is the intercept, μ is the dispersion, and λ is the slope parameter. Figure 1 shows how changes in N 0 , μ, and λ affect N(D). In Figure 1a , increasing N 0 increases N(D) by the same amount for all D, while increasing μ decreases N(D) for smaller D proportionately more than for larger D in Figure 1b , and increasing λ decreases N(D) for larger D by a greater amount in Figure 1c . Two of the gamma parameters can be determined if N and IWC are prognosed in a model by integrating equation (1), while the third, typically μ, is set as some prescribed value, frequently zero. In situ observations have shown that N 0 , μ, and λ vary as a function of environmental conditions, depending on whether observations are obtained in lowpressure systems and fronts [Sassen, 1997; Spichtinger et al., 2005a] , thunderstorms [Garrett et al., 2004; Jensen et al., 2009; Lawson et al., 2010] , or orographic gravity waves [Spichtinger et al., 2005b] , as well as depending on temperature and relative humidity [Koop et al., 2000; Krämer et al., 2009] . However, sufficient data are not yet available to characterize how these values vary with environmental conditions, and comparisons between values derived from prior data sets are complicated by use of different probes and processing methodologies.
In situ observations have been used to determine the dependence of bulk cloud properties and the parameters of gamma distributions on environmental conditions [e.g., Dowling and Radke, 1990; Ryan, 1996; Heymsfield, 1997, Heymsfield and McFarquhar, 2002; Heymsfield, 2003; McFarquhar and Black, 2004; Field et al., 2007; McFarquhar et al., 2007b; Schiller et al., 2008; Heymsfield et al., 2009 Heymsfield et al., , 2013 Lawson et al., 2010; Luebke et al., 2013; Muhlbauer et al., 2014; Mishra et al., 2014] . McFarquhar and Heymsfield [1997] , Heymsfield and McFarquhar [2002] , Heymsfield [2003] , Heymsfield et al. [2013] , Krämer et al. [2009] , and others have demonstrated that N and IWC vary systematically as a function of temperature, but dependence on temperature alone is not sufficient to explain the variability of ice properties. For example, 
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Lawson et al. [2010] found that IWC in tropical anvil cirrus decreased with increasing distance from convection and with anvil age, and Muhlbauer et al. [2014] found that IWC was lower in ridge crest cirrus than in the other synoptic or anvil cirrus they observed during the Small Particles in CirrUS (SPARTICUS) project. Statistically, this variability of microphysical properties with environmental conditions has not been well simulated by GCMs [Joos et al., 2008; Gettelman et al., 2010] .
Characterizations of typical ice properties and of the uncertainties, variances, and distributions are required for determining how uncertainties in parameterizations scale up to model output and for evaluating distributions of simulated parameters. Although some studies have examined distributions of and uncertainties in bulk cloud parameters such as N and IWC, few studies have examined how uncertainties affect the characterization of a size distribution (SD) as a gamma function. Almost all previous studies have assumed that a gamma fit to a SD is uniquely characterized by a single (N 0 , μ, λ) triplet [i.e., Heymsfield et al., 2013; Muhlbauer et al., 2014] . When taking into consideration of observational uncertainty, McFarquhar et al. [2015] proposed that an ellipsoid of equally realizable solutions in (N 0 , μ, λ) phase space should be used to characterize a SD fit. Within this ellipsoid, N 0 , μ, and λ may vary substantially, but are strongly correlated.
To the best of our knowledge, no studies besides McFarquhar et al. [2015] have considered the observational uncertainty in N 0 , μ, and λ and few studies have shown how the application of such uncertainties propagates through to model predicted fields. However, this can have important effects as McFarquhar et al. [2003] showed that the average simulated shortwave cloud radiative forcing could vary by 4.9 W m À2 depending on whether a parameterization of an average r e or an average obtained by randomly selecting r e within a standard deviation of the mean was used. Therefore, it is crucial to characterize the uncertainty in cirrus SDs by determining the variation of ellipsoids in N 0 -μ-λ phase space as a function of environmental conditions using a common processing framework.
The SPARTICUS data set provides the observed cloud microphysical properties suitable to characterize the variation of these ellipsoids in N 0 -μ-λ phase space, and of N, β, and IWC as a function of environmental conditions. During SPARTICUS, the Stratton Park Engineering Company (SPEC) Learjet flew 101 missions through midlatitude ice clouds over the U.S. Central Plains from January to June 2010 at temperatures (T) from À70°C to À20°C. This provided an unprecedented amount of data in midlatitude cirrus for identifying statistical relationships between midlatitude cirrus microphysical properties and environmental conditions. In this paper, the variation of N, β, IWC, N 0 , μ, and λ as a function of T, and cirrus type, is determined. Comparisons of N, β, and IWC against values derived from previous field data [i.e., Heymsfield, 2003; Heymsfield et al., 2013] are also made.
SPARTICUS provides a comprehensive set of cirrus measurements collected under a wide range of seasonal and environmental conditions by state of the art probes with specially designed tips to mitigate shattering artifacts [Korolev et al., , 2013 and processed using algorithms designed to remove shattering artifacts [Field et al., 2006; Lawson, 2011; . Several past studies have used this data set to explore relationships between microphysical properties and environmental conditions. For example Mishra et al. [2014] found that v m was strongly correlated with effective diameter, and Muhlbauer et al. [2014] developed relationships of μ as a function of λ for subcategories of synoptic and convective cirrus during SPARTICUS. This study contributes additional information to the analysis of SPARTICUS data by characterizing how volumes of equally realizable solutions of (N 0 , μ, λ) vary with environmental conditions and by using a broader classification of cirrus in order to include more of the SPARTICUS data set. This broader classification is consistent with classifications used in most previous studies of how cirrus varies with environmental conditions [e.g., Heymsfield and McFarquhar, 2002; Heymsfield, 2003; Heymsfield et al., 2013] . Additionally, we consider previously mentioned experimental uncertainties and statistical analysis in the derivation of the microphysical parameters.
The rest of this paper is organized as follows. Section 2 provides an overview of the meteorological conditions sampled during SPARTICUS. Section 3 describes the instrumentation and data processing techniques used to determine bulk cloud parameters and gamma fits to the SDs. Section 4 describes how the cirrus microphysical parameters varied with environmental conditions, and section 5 summarizes the principal findings of this study.
removed using the phase identification technique detailed in section 3.2. Twenty seven of these flights were flown within 100 km of the Southern Great Plains (SGP) site in Lamont, OK, in the vicinity of ground-based remote sensors. Since the SPEC Learjet was based in Boulder, CO, for SPARTICUS, many flights sampled cirrus between Colorado and Oklahoma, in addition to the dedicated flight time to the area around the SGP site.
A qualitative analysis of visible and infrared images from the Geostationary Operational Environmental Satellite (GOES) and Weather Surveillance Radar (WSR) 88D images was used to classify cirrus origin for each mission sampled by the SPEC Learjet. Figure 2 shows the radar reflectivity from the Millimeter Cloud Radar at the SGP site for all cases when the SPEC Learjet flew within 30 km of the SGP site. Widely varying and vertically inhomogeneous structures were observed. Spirals over the SGP site were conducted in order to obtain as complete of a vertical profile of the cloud as possible. For flights not located over the SGP, constant altitude legs at various altitudes throughout the system were conducted in order to sample multiple vertical levels within the storm.
Each mission was classified into one or two of three categories according to whether the sampled cirrus formed synoptically, convectively, or orographically. Figure 3 shows examples of GOES satellite and WSR 88D radar imagery in the vicinity of the SPEC Learjet during example missions classified as synoptic, convective, and orographic. A mission was classified as convective if radar reflectivity greater than 43 dBZ was present within 100 km of the cloud sampled at any time during its life [Rigo and Llasat, 2004] . For example, shows that the SPEC Learjet flew through a cloud system in eastern Colorado, circled in Figure 3e , on 22 April 2010, where a maximum reflectivity of~60 dBZ was observed 90 km away and 1.5 h before the in situ sampling. In contrast, no echoes >10 dBZ were present for the synoptic and orographic cirrus cases (Figures 3d and 3f) , indicating a lack of precipitation. A cloud was classified as orographic if its point of origin, detected by GOES, was over a mountain. For example, in Figure 3c the SPEC Learjet was shown to have sampled cirrus originating over the Front Range in northern Colorado on 22 March 2010. All cases which did not meet the criteria for convective or orographic clouds were classified as synoptic. Table 1 shows the missions classified as synoptic, orographic, and convective. In total, 86 missions were classified as synoptic, 17 as convective, and 3 as orographic. On one flight (April 22b) both synoptic and anvil cirrus were sampled. Data from the orographic cases are not presented in this paper because there were not enough to have a statistically significant sample. The frequency distribution of T for the synoptically and convectively generated cirrus during SPARTICUS ( Figure 4 ) indicates that 95% of the observations were sampled at T < À20°C. Clouds at T > À20°C were typically only sampled infrequently upon ascent from and descent to the runway and frequently sampled cloud types other than cirrus and hence are not considered in this study. For the convective cirrus, the SPEC Learjet was located at least 75 km from the convective core. Therefore, convectively generated cirrus represent clouds generated by convection rather than convective cores themselves. Furthermore, on 4 June and 15 June 2010, the convective cirrus originated from a storm that had dissipated before the SPEC Learjet sampled the cirrus.
The classification criteria differ from those used by Muhlbauer et al. [2014] , who only used 59% of the SPARTICUS data to classify cirrus into more specific categories such as ridge-crest cirrus, frontal cirrus, subtropical jetstream cirrus, and anvil cirrus. More data are included in the present study, and the broader classification into only convective and synoptic cirrus allows for easier comparison with past parameterizations and analyses [e.g., Heymsfield et al., 2013] .
Processing of SPARTICUS Data
Instrumentation Used
A variety of instruments mounted on the SPEC Inc. Learjet measured cloud microphysical properties and ambient conditions. Only probes used in the analysis presented in this paper are discussed here. The temperature T and vertical velocity w were measured by the Aircraft Integrated Meteorological Measurement System. The w was measured with an accuracy of 0.75 m s À1 [Beswick et al., 2008] and was used to determine whether the Learjet was in updrafts, downdrafts, or areas in the absence of vertical motions greater than about 1 m s À1 . Five probes measured particle SDs. The 2-D Stereo Probe (2DS), equipped with Korolev tips, to reduce the impact of shattered artifacts [Lawson et al., 2006; Korolev et al., 2011 Korolev et al., , 2013 , nominally measured particles with 10 < D < 1280 μm. A second 2DS equipped with standard tips was also installed on the SPEC Learjet on 23 July 2010. A Fast Forward Scattering Spectrometer Probe (F-FSSP), equipped with a standard FSSP inlet, measured particles with 5 < D < 50 μm and particle interarrival time Δt [Brenguier et al., 1998] . A 2-D Precipitation Probe (2DP), installed on the SPEC Learjet 12ab, 14ab, 15, 19ab, 20ab, 21, 23, 26, 27, 31 Feb 1, 3ab, 4, 5, 10abc, 11ab, 17abc, 19ab, 20a, 22 Mar 10abc, 14ab, 15ab, 17ab, 18, 19, 23abc, 26, 27abc, 30abc Apr 1ab, 2, 5, 6abc, 11ab, 12, 14a, 16ab, 17abc, 19ab, 24, 28ab, 29 Jun 7, 12b, 17, 18ab [Lawson et al., 2001] .
Data Processing
The 2DS data were processed using software developed at the University of Illinois, detailed in . F-FSSP data were processed using software provided by SPEC. Numerous studies have shown data collected by the forward scattering, and optical array probes, even with antishatter tips, can be contaminated by shattering artifacts [e.g., Gardiner and Hallett 1985; Gayet et al., 1996; Korolev and Isaac, 2005; Field et al., 2006; McFarquhar et al., 2007b McFarquhar et al., , 2011 Jensen et al., 2009; Lawson, 2011; Korolev et al., 2011 Korolev et al., , 2013 . Algorithms that classify particles as artifacts based on particle interarrival time Δt were applied to both the 2DS and F-FSSP data [Field et al., 2006; Korolev and Field, 2014] . The appropriate Δt threshold was found using the methodology described by and Korolev and Field [2014] . The algorithm was applied to individual 5000 particle segments in order to allow the Δt threshold to vary as a function of flight time; the division between the peaks for shattered and naturally occurring particles was not constant due to varying particle concentrations. The Δt threshold varied for both the F-FSSP and 2DS from 10 À7 s to 10 À3 s for the flights analyzed. The SDs from the 2DS, 2DP, and HVPS were reduced to 10 s resolution to increase the statistical significance of the number of particles detected in each bin while preserving as much of the fine scale structure as possible [cf. McFarquhar et al., 2007c ]. The 10 s time periods were consecutive, which could result in the underestimation of cloud parameters for clouds penetrations less than~1.5 km in length. The resolution choice was motivated by reducing the uncertainty due to sampling statistics but still allowing the fine-scale structure of the cloud to be measured. In particular, the uncertainty, inversely proportional to the square root of the number of particles in a size bin, i.e., 1/p 1/2
, was sought to be reasonably close to 0.1 (10%) [Hallett, 2003] .
The phase of the clouds was also determined. Since no Rosemount Icing Probe was installed on the aircraft, a direct measurement of icing and hence supercooled water was not available. Therefore, the presence of liquid water was determined by a combination of a manual inspection of CPI imagery for time periods with round droplets [e.g., McFarquhar et al., 2013] as well as the shape of the F-FSSP SD using the methodology in McFarquhar et al. [2007a] and Jackson et al. [2012 . Mixed phase time periods were identified when both liquid water was identified and ice was present in the CPI imagery for the same 10 s time period. Mixed phase time periods were then omitted from the analysis.
A composite SD derived from a combination of probes is required to calculate the microphysical parameters describing the cloud properties. In order to derive a composite N(D), the N(D) from the different probes were compared in their overlapping size ranges. To simplify notation used in this comparison and throughout the paper, the number concentration of particles with a < D < b μm from probe xxx is hereafter denoted N xxx a-b . For example, the number concentration of particles from the F-FSSP with 15 < D < 45 μm is denoted N F-FSSP 15-45 . [2013] reported that the 2DS may overestimate concentrations of particles with D < 15 μm due to a poorly defined depth of field, contributions of particles with D < 15 μm are not included in the bulk microphysical properties reported in this study.
Because of the uncertainty in the measured concentrations of small ice crystals, it is important to examine the sensitivity of the derived microphysical parameters to the inclusion of small particles. Thus, the 0th, 2nd and 3rd moments of the SDs were calculated both including particles with 15 There is also some uncertainty as to what is the threshold size that should be included in the calculations of microphysical properties from the 2DS. Thus, Figure 6b shows M 0,SD /M 0,SD > x as a function of x, where x is the minimum D included in the calculation of M 0,SD . The average M 0,SD /M 0,SD > x increases from 1 to 3 as x increases, indicating that this conclusion is not sensitive to the value of x used. Although Figure 6b cannot be used to unambiguously state a size range where the use of the 2DS is appropriate, it is noted that M 0,SD /M 0,SD,x ceases to exhibit jumps greater than 7.0% between bins for x = 55 μm for D mm > 200 μm. Because changes larger than 20% between subsequent bins would not be expected from sedimentation, this shows that concentrations for bins with D > 55 μm are at least internally consistent. Thus, because particles with D < 55 μm contribute half of the total number of observed particles and because there is greatest uncertainty in their concentrations, the use of higher-order moments (e.g., second moment), where such crystals make lesser contributions, is suggested.
The N(D) for D > 45 μm in the overlapping size ranges between the 2DS and 2DP was also compared to assess the uncertainty in the larger crystal concentrations. Following Jackson et al. [2012] , N 2DP /N 2DS is shown as a function of D in Figure 7 for differing true airspeeds, TAS, the ranges chosen to provide similar sample sizes in the different ranges. Figure 7 shows that 0.5 < N 2DP 700-900 /N 2DS 700-900 < 2 at all TAS, indicating that the SDs from the 2DS and 2DP agree well in this size range. For D < 700 μm, images recorded by the 2DP have 4 or fewer shaded photodiodes so there is considerable uncertainty in the size and shape of such particles. It can also be seen that N 2DP /N 2DS increases with D, which may be caused by particles of D greater than the 2DS's nominal range of 1200 μm being undersampled by the Journal of Geophysical Research: Atmospheres
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2DS due to the use of reconstruction techniques. Therefore, the 2DS is the probe used to characterize N 45-900 , and the 2DP for N 900-6400 . For the missions when the 2DS and HVPS-3 were both installed, neither the 2DS nor the HVPS-3 recorded particles of D > 1 mm, so no comparison of N(D) from the 2DS and HVPS-3 was possible. Therefore, the HVPS-3 data were not used in this study.
Derivation of Bulk Properties
This section describes how the composite SDs derived following the methodology in section 3.2 are used to calculate the bulk microphysical properties of cirrus. The bulk extinction β is given by twice the cross-sectional area directly measured by the 2DS or 2DP The image reconstruction technique of Heymsfield and Parrish [1978] was used to derive the area of particles not entirely within the diode array. To estimate IWC, information about the relationship between crystal mass m and D, which depends on ice crystal habit, is required. Following , IWC is derived using
where f k (D j ) is the fraction of crystals in the bin centered at D j having crystal habit k, α k and β k are the habitdependent coefficients listed in Table 2 that define the mass of an individual crystal m = α k D j βk , and N(D j ) is the number distribution function for bin j with midpoint D j and width ΔD j . For SPARTICUS, the 2.3 μm resolution CPI images were used to determine f k (D j ) using the habit classification scheme of Um and McFarquhar [2009] . Because the CPI has a smaller sample volume than the 2DS or 2DP, the averaging period of 60 s was required to obtain a statistically significant sample larger than the 10 s period required for the 2DS or 2DP. Hence, the habit distributions were applied to each of the 2DS/2DP/HVPS size distributions occurring within the CPI averaging period, and IWC was not calculated when CPI data were not available.
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Derivation of Ellipsoids Representing Gamma Fits
This study uses a modified version of the incomplete gamma fitting (IGF) technique [McFarquhar et al., 2015] to derive a volume of equally realizable solutions in (N 0 , λ, μ) phase space to represent each SD as one or more gamma functions. Here a fit to a gamma distribution function is defined as
where D 0 = 1 cm, and all other parameters are as in equation (1). The IGF fitting methodology is described by McFarquhar et al. [2015] and only briefly summarized here. In this section, the nth moment of the SD determined from the composite SD is denoted M n,obs and determined from the fit SD is denoted M n, fit . Using M 0,obs , M 2,obs , and M 3,obs , the χ 2 difference from the SD and M 0 , fit, M 2 , fit , and M 3 , fit is minimized using an incomplete gamma function to take into account that the measured and fit distributions only include particles between D min = 15 μm and D max = 6.4 mm. All N 0 , λ, and μ parameters that give χ 2 within Δχ 2 of the minimum χ 
Technique to Find Modes in SDs
In this paper, a couple of modifications to the McFarquhar et al. [2015] technique are made. First, it is assumed that À2 < μ < 5 rather than À1 < μ < 5 as in McFarquhar et al. [2015] to allow for easier comparison against the results of Heymsfield et al. [2013] . Second, the IGF technique as introduced by McFarquhar et al. [2015] assumes that a SD is adequately characterized by a single gamma function. In this paper, However, for some SDs, multiple modes are seen as depicted in Figure 8a . The IGF technique was thus modified to fit separate functions to each mode and to automatically determine the boundaries between the modes. To determine whether multiple modes in a SD exist and to identify boundaries between modes, a first derivative test is applied. The first derivative of the number distribution function is calculated for each bin midpoint using a centered difference approximation where
Ideally, the local minima of N(D) are located at the points where
variability in the SD due to inadequate sample statistics can also produce local minima and cause false identification of modes. Therefore, a noise threshold σ for d(N(D j ))/dD was calculated based on the uncertainty of N(D j ) due to sampling statistics In order to derive the M n,fit for a multimodal SD, contributions from the different modes are added as given by
where D min,i and D max,i are the discrete intervals covered by mode i, where mode 1 is defined as the mode with the smallest D. For each mode i, an ellipsoid of equally realizable (N 0i , μ i , λ i ) is generated. The N 01 , μ 1 , and λ 1 are then randomly chosen from the ellipsoid of equally realizable (N 01 , μ 1 , λ 1 ) To ensure continuity in N(D), a constraint
needs to be applied. In order to do this, a factor f to force continuity is calculated using
Since finding the (N 0i , μ i , λ i ) for each subsequent mode that enforces this constraint requires much computation time, an optimization is performed where a point is randomly chosen from the ellipse of equally realizable triplets (N 0i + 1 , μ i + 1 , λ i + 1 ) until a point is chosen such that. 25 < f < 4 or 40 points have been chosen. If 40 points have been chosen and 0.25 < f < 4 is not satisfied, then the data point is excluded from the analysis as the multimodal fit is discontinuous. 48.9% of the multimodal SDs are discontinuous under this criteria.
Fifty randomly chosen equally realizable unimodal IGF fits and 50 randomly chosen equally realizable multimodal IGF fits are shown to an example of the SPARTICUS bimodal SD depicted in Figure 8 . The black circles in Figure 8b show the D c,i identified for this SD. The multiplying factor f varies from 0.78 to 1.32 with a median of 1.01 in Figure 8b . The mean χ 2 in Figure 8a is 0.051 for the unimodal fits and 0.078 for the multimodal fits.
The minimum χ 2 in Figure 8a is 0.0091 for the unimodal fits and 0.0049 for the multimodal fits, showing that the multimodal fits produced by the minimum χ 2 provide a better fit to the SD than the unimodal fits do. The algorithm detected that 89.5% of the 8883 SDs had one mode, 10.5% of the SDs had two modes, and no SDs had more than two modes during SPARTICUS. Figure 9 shows the M n,fit derived by choosing the (N 0 , μ, λ) that minimizes χ 2 as a function of M n,SD for the 0th, 2nd, and 3rd moments that were used in the fitting procedure for the time periods when multiple modes were identified. The M n,fit was calculated twice: first, by fitting one mode to all SDs regardless of the number of modes identified in the procedure and second, by fitting multiple modes to the SD. The goodness of fit (R 2 ) values, shown in Table 3 , indicate that there is lower correlation (R 2 = 0.95) in M 0,fit to M 0,SD from the multimodal SDs compared to the unimodal SDs (R 2 = 0.99) when choosing the (N 0 , μ, λ) that minimizes χ 2 . The slopes of the best fit of M 0,fit to M 0,SD from the unimodal and bimodal fits are equal to 0.99 and 1.03, respectively. There is also a comparable goodness of fit in M 0,fit to M 0,SD from the multimodal SDs (R 2 = 0.93) compared to the unimodal SDs (R 2 = 0.94) when randomly choosing the (N 0 , μ, λ) from the volume of equally realizable solutions as shown in Table 3 . This indicates variability induced in M 0,fit by randomly choosing the (N 0 , μ, λ) from the volume of equally realizable solutions is greater than the change in M 0,fit by fitting multiple modes to the SD rather than one mode. When (N 0 , μ, λ) is randomly selected, the R 2 values in Table 3 is about equal to the slope of 1.00 the fit of M 3,fit to M 3,SD from the unimodal SDs when χ 2 is minimized. When (N 0 , μ, λ) is randomly selected, then the slopes of the aforementioned fits range from 0.7 to 1.0 in Table 3 . Therefore, random selection of (N 0 , μ, λ) has a greater impact on the calculated moments than does using multiple modes of the SDs to represent the fit. Therefore, if (N 0 , μ, λ) is randomly selected from the volume of equally realizable solutions, then there is no statistical advantage to using the multimodal fits in terms of goodness of fit to moments. However, there is an advantage to using multimodal fits in that it is easier to identify the microphysical characteristics of different populations of particles for determining the relative importance of microphysical processes, and in the representation of those processes in models.
SPARTICUS Microphysical Properties and IGF Fits 4.1. N(D) as a Function of Environmental Conditions
In this section, the dependence of observed N(D) on T and cirrus type is described. Normalized frequency distributions of N(D) in synoptically and convectively generated cirrus were generated as a function of T in order to determine how N(D) varied as a function of environmental conditions during SPARTICUS. Figures Table 3 . Only data from time periods where two or more modes were identified in the composite SD are included in Figure 9 . Figure 10 shows that the mean boundary between the first and second mode was located at 115 μm, similar to prior studies that show the boundary between modes to be from 100 to 125 μm McFarquhar and Heymsfield, 1997; Ivanova et al., 2001; Jensen et al., 2009] . This finding with the SPARTICUS data is important because many of the previous studies did not use probes with antishatter tips or were not processed with the same techniques to eliminate artifacts as were the SPARTICUS data. Mitchell et al. [1996] hypothesized that the smaller particle mode corresponded to particles that had grown primarily by vapor deposition, while the large particle mode, having a lower slope and hence a wider range of particle sizes, corresponded to particles that had grown by both vapor deposition and aggregation. Lawson et al. [2010] hypothesized that the mode of smaller particles in their observed bimodal distributions in updrafts of tropical anvil cirrus corresponded to particles that formed via homogeneous nucleation. For the SPARTICUS data, 8.5% of the SDs in synoptic cirrus were bimodal, while 21.1% of the SDs in convectively generated cirrus were bimodal. Furthermore, there was increased bimodality of the SDs as T increases, as 2.2% of the SDs were bimodal for T < À45°C, while 26% of them were bimodal for T > À45°C.
The mean boundary between the modes increased from 108 μm for T < À45°C to 114 μm for T > À45°C, indicating a small increase with T consistent with Field [1999] . Zhao et al. [2010] hypothesized that the increasing bimodality with T was caused by heterogeneous nucleation in the presence of larger particles sedimenting from above.
For both synoptic and convective cirrus, the maximum D increased with T, from 2 mm to 4 mm for synoptic cirrus in Figures 10a-10d , and was 4 mm for convectively generated cirrus at T < À54°C, À54°C < T < À47°C, À47°C < T < À40°C, and T > À°C in Figures 10e-10g . The mean number concentration of particles with D less than the median boundary between the two modes at 115 μm, N <115 decreased from 87.7 L À1 at À54°C < T < À47°C to 35.1 L À1 at T > À40°C for synoptic cirrus and from to 168.8 L À1 to 65.5 L À1 for the convectively generated cirrus indicating higher amounts of small ice crystals at lower temperatures. The differences are greater than statistical uncertainty of 4.3% for the mean N <115 . In addition, there was a greater number concentration of smaller ice crystals at T < À54°C in convective cirrus than in synoptic cirrus, which could be caused by enhanced homogeneous nucleation in convective updrafts.
There are some differences between N(D) from SPARTICUS and past observations of N(D) in other cirrus depicted in Figure 10 . In Figures 10a-10d , the median N(D) from comparisons made in arctic and midlatitude cirrus [Heymsfield et al., 2013] is equal to N(D) for D < 500 μm for À54°C < T < À40°C in synoptic cirrus according to a Student's t test at a 95% significance level but less for D > 500 μm. This could be due to the fact that the Heymsfield et al.
[2013] curve includes arctic cirrus, which had SDs with larger slopes for the same T compared to the midlatitude cirrus observed. In Figures 10f-10h , the N(D) from Heymsfield et al.
[2013] is less than the N(D) for all D observed in convective cirrus according to a Student's t test at a 95% significance level. Since Heymsfield et al. [2013] sampled tropical cirrus that were typically generated by weaker updrafts than midlatitude cirrus [Heymsfield and McFarquhar, 2002] , this could explain the difference. In Figures 10c and 10g , the Heymsfield [2003] N(D) is different in a statistically significant sense than the median N(D) from SPARTICUS, but the difference is smaller than that in Figures 10d and 10h , possibly due to the fact that the majority of the clouds sampled [Heymsfield, 2003] were at T > À40°C. Furthermore, the observations of Heymsfield [2003] and Heymsfield et al. [2013] are given in the form of gamma distributions, while the N(D) in Figure 10 are not necessarily gamma distributions, which could contribute to the differences.
IGF Fits as a Function of Environmental Conditions: Unimodal SDs
In this section, the dependence of gamma fit parameters on temperature and cirrus type is discussed. For families of SDs obtained under similar environmental conditions, volumes of equally realizable solutions in (N 0 , μ, λ) phase space are generated based on the fraction of ellipsoids characterizing single SDs that encompass a point in the (N 0 , μ, λ) phase space. The variation of the volumes for different T and cloud type is then examined in order to hypothesize what microphysical processes are dominant for the cirrus observed during SPARTICUS.
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In order to construct the volumes of equally realizable solutions for a family of SDs, McFarquhar et al. [2015] defined a single ellipsoid around all (N 0 , μ, λ) that are contained within at least 1% of the volumes in the family of SDs. However, the superposition of many ellipsoids is not usually a true ellipsoid. Therefore, to account for the possible nonellipsoidial shape of the volume, a modification of their technique is presented that is also , an ellipse in (N 0 , μ) phase space is constructed to contain all of the (N 0 , μ) that are contained with at least 1% of the volumes, the same frequency threshold used by McFarquhar et al. [2015] . If no such (N 0 , μ) exist, then the value of λ is not considered in the range of realizable solutions. Although the surface of equally realizable (N 0 , μ) for a given λ is not a true ellipse, a more complex shape would be impractical to implement in a model scheme due to the computational time required to represent the shape. These surfaces can then be used in models to describe a SD using the lengths and directions of the ellipse axis. If a model prognoses one moment of a SD, the λ can be determined. With this value of λ, a point is then randomly chosen from the ellipse of equally realizable (N 0 , μ) for that given λ for representation in the model parameterization.
Since it is difficult to visualize the surface of equally realizable (N 0 , μ) for all given values of λ in three dimensions, two-dimensional projections of this surface, along with normalized frequency distributions, are presented in relevant cross-sections. Figure 11 shows 2-D cross sections of the normalized frequency of points in the volumes of equally realizable solutions of SDs with one mode in (N 0 , λ), (N 0 , μ), and (μ, λ) phase spaces for synoptic cirrus for the given range of T. The centers of the ellipses in (N 0 , λ) and (μ, λ) phase spaces for each λ are shown by the dotted line, and the 2-D projection of the surface of all equally realizable solutions shown by a solid black curve. The N 0 coordinate of the center of the ellipse is correlated with λ with R > 0.92. The range of realizable λ changes from 100 to 1000 cm À1 in Figure 11a to 1 to 800 cm À1 in Figure 11d as T increases, while the range of realizable N 0 is 1 to 10 10 L À1 μm À1 in Figures 11e-11h and does not depend on temperature. Therefore, λ extends to smaller values for a given N 0 as T increases, consistent with an increase in the number of large particles as T increases. Figures 11e-11h show that N 0 is also strongly correlated with μ for synoptic cirrus. The range of realizable μ with T changes from À2 to 1.75 in Figure 11a to À2 to 2 in Figure 11h , indicating larger values of μ for equivalent N 0 as T increases, consistent with a decrease in the number of small particles with increasing T. The decrease in the number of small particles and increase in the number of large particles with T suggests that particles have experienced more growth by vapor deposition and aggregation in the clouds sampled at higher T. 
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In Figures 11i-11l , μ is directly correlated with λ (R > 0.85) for higher T, with μ increasing from À2 to 2 in Figures 11j-11l as λ increases. This indicates that the SD is narrower when λ is lower for T > À54°C. The broadening of the SD with decreasing λ is consistent with contributions from processes such as sedimentation, aggregation, and evaporation. The direct correlations between μ and λ and between N 0 and μ have been observed in past studies of cirrus [cf. McFarquhar et al., 2007c; Heymsfield et al., 2013; McFarquhar et al., 2015] , so this study extends their conclusions to data processed using a consistent processing methodology that uses a nonelliptical shape to represent a superposition of equally realizable solutions. Figure 12 shows 2-D cross sections of the normalized frequency of points in the volumes of equally realizable solutions of SDs with one mode in (N 0 , λ), (N 0 , μ), and (μ, λ) phase spaces for convective cirrus at the given ranges of T. Similar to Figure 11 , Figure 12 shows that N 0 is correlated with μ and λ for convectively generated cirrus. The μ is directly correlated with λ in Figure 12 , similar to Figure 11 . The λ and μ extend to larger values for a given N 0 with T in Figure 12 similar to trends seen in Figure 11 , with the realizable range of λ decreasing to 0 to 600 cm
À1
. This is consistent with a greater number of large ice crystals for convectively generated cirrus compared to synoptically generated cirrus as seen in section 4.1.
The ellipses in (N 0 , μ) phase space shown in Figures 11 and 12 for a given λ are then used to construct threedimensional volumes. The three dimensional volumes are created by generating the smallest possible surface that encompasses all points that are contained within each ellipse in (N 0 , μ) phase space for all values of λ. Figure 13 shows these resulting volumes representing the family of SDs for the given ranges of T and during time periods when one mode was identified in the SD. The matrices and centers describing each ellipse are attached as a supplemental comma separated. CSV file. In Figure 13 , N 0 varies from 1 to 10 10 L À1 μm
, μ from À2 to 4, and λ from 1 to 1000 cm
À3
, indicating that the gamma fit parameters can undertake a wide range of values for a given family of SDs. However, it is important that the significant correlations between parameters be taken into account when giving volumes of equally realizable solutions describing the fit parameters.
IGF Fits as a Function of Environmental Conditions: Bimodal SDs
The previous analysis determined how the volumes of equally realizable (N 0 , μ, λ) of the unimodal SDs varied as a function of environmental conditions and T. In this section, a description of how these volumes for the bimodal SDs observed during SPARTICUS, generated using the techniques developed in section 2, vary as a function of environmental conditions is provided. The volumes of equally realizable (N 0 , μ, λ) between the two modes are also compared offer hypotheses as to the microphysical processes producing the observed volumes. (N 0 , λ) , (N 0 , μ), and (μ, λ) phase spaces for synoptic cirrus at the given ranges of T. Similar to Figures 11 and 12 , N 0 and μ are correlated, and N 0 and μ are correlated with λ. The range of realizable λ is 0 to 1000 cm À3 in Figures 14a-14d , equal to the 0 to 1000 cm À3 in Figure 11a , but the range of realizable μ is À2 to 3 in Figures 14e-14h , higher than the range of À1.5 to 2 in Figures 11e-14h . This indicates that λ is lower for the same μ in the mode with lower D than for the SDs with one mode. Thus bimodal SDs more likely have a greater number of large particles than unimodal SDs, suggesting a particle size threshold associated with bimodality.
The realizable range of λ of the mode with smaller D does not change with T. This indicates that the particles in the mode with smaller D have sizes that do not change with T. Since particles in the mode with smaller D may be produced by nucleation in the presence of sedimentation as suggested by the increasing bimodality, this may indicate that the particles in the mode with smaller D have nucleated more recently since they have not grown to larger sizes as first suggested by Mitchell et al. [1996] . The range of realizable of μ of À2 to 3 in Figure 13 . Volumes in (N 0 , λ, μ) phase space representing the family of unimodal SDs in for (a) T < À54°C, (b) À54°C < T < À47°C, (c) À47°C < T < À40°C, and (d) T > À40°C for synoptically generated cirrus. (e, f, g, and h) As in Figures 13a-13d but for convectively generated cirrus.
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Figures 14f-14h, which is higher than À2 to 2 for the unimodal SDs, indicates that the mode with smaller D is narrower than in the unimodal SDs. This is reasonable because it would be expected that the larger particles would be included in the mode with larger D. Figure 15 shows 2-D cross sections of the normalized frequency of points in the volumes of equally realizable solutions of the mode with higher D of SDs with two modes in (N 0 , λ), (N 0 , μ), and (μ, λ) phase spaces for synoptic cirrus respectively at the given ranges of T. Fewer T ranges are shown as there were no bimodal SDs in the T ranges not shown. Similar to previous analysis, N 0 and μ are still directly correlated with λ, as are N 0 and μ. In Figures 14i-14l and 15i-15l, μ and λ are still correlated. The range of realizable λ widens from 10 to 300 cm À1 in Figures 15a to 151 to 300 cm À1 in Figure 15d , indicating lower λ for the same N 0 as T increases. This shows the increased presence of larger particles with increasing T, unlike as was seen for the analysis of the mode with smaller D. Therefore, particles in the mode with larger D have grown to larger sizes in the clouds sampled at higher T. The range of realizable μ is À2 to 5 in Figures 15e-15h , wider than the range of μ of À2 to 1.75 in Figure 14 . Therefore, there is lower λ for the same μ in the mode of the SD with higher D. This indicates that the mode with higher D is broader than the mode with lower D. Mitchell et al. [1996] attributed this to particles in the mode with higher D growing by both vapor deposition and aggregation, and particles in the mode with lower D primarily by vapor deposition. The increasing bimodality with T, and the increase in particle D with T for the mode with larger D also suggests that the particles in the mode with larger D have undergone size-sorting since they are sedimenting in the presence of nucleation. Figures 16a and 16b comparable to that that seen in Figure 13 , and the range of realizable μ is À2 to 3 in Figures 16d-16f , indicating lower λ for the same μ as the fractional contribution of large particles increases while the relative contribution of small crystals is held constant. This shows that the mode with smaller D is broader in convective cirrus than in synoptic cirrus. In Figures 16p , the range of realizable λ is 50 to Journal of Geophysical Research: Atmospheres 10.1002/2015JD023492 À3 and widens to 0 to 300 cm À3 in Figures 16q and 16r and the range of realizable μ widens from À0.5 to 4.5 to À2 to 4.5. Thus, there is also lower λ for the same μ in the mode with larger D in convective cirrus than in synoptic cirrus when À54°C < T < À47°C, with similar λ at higher T. If convective updrafts enhance the supersaturation in the presence of other processes, then particles that grow more efficiently by vapor deposition could contribute larger particle sizes to the broader SDs seen in for the convective cases; increased aggregation efficiency owing to the presence of higher ice water content and electrical activity near convective updrafts could also play a role. This enhancement in supersaturation could also lead to new ice nucleation, further contributing to the broader SDs. Similar to Figures 14 and 15 , there is lower λ for the same μ, which again shows that the mode with larger D is narrower than the mode with smaller D. Therefore, the physical mechanisms in the previous paragraph could also explain the differences between the breadth of the two modes.
The ellipses in (N 0 , μ) phase space shown in Figures 14, 15 , and 16 for a given λ are then used to construct three-dimensional volumes. Figure 17 shows the resulting volumes representing the family of SDs for the given ranges of T and during time periods when two modes were identified in the SD. In Figure 17 , N 0 varies from 1 to 10 10 L À1 μm À1 , μ from À2 to 5, and λ from 1 to 500 cm À3 , again indicating a wide range of equally realizable solutions for a given family of SDs. In Figure 16 , the surfaces representing the mode with smaller D have μ from À2 to 3 and À2 to 5 for the mode with larger D. This again shows that mode with smaller D is broader than the mode with larger D, again suggesting that particles in the mode with smaller D grew primarily by vapor deposition, and in the mode with larger D by both vapor deposition and aggregation.
Bulk Moments as a Function of Environmental Conditions
It is also important to know how bulk parameters vary with environmental conditions to assess what physical processes occur in cirrus and to evaluate results of numerical models that predict how such cloud parameters vary with environmental conditions. In this section, the dependence of N, β, IWC, number median maximum dimension D m , and D mm on T and cirrus type is described. Normalized frequency distributions of N, β, IWC, D m , and D mm for synoptically and convectively generated cirrus are displayed as a function of T. In the following figures, the color scale represents the fractional contribution that the parameters within the given bin on the x axis make at the given T. The solid black line represents the median of the distribution, and the dashed lines are the 10th and 90th percentiles. A correlation is deemed significant if the probability that a Figures 18a and 18b show the normalized frequency distribution of N for particles with D > 15 μm as a function of T for synoptically and convectively generated cirrus respectively. The median of N has a correlation coefficient with T of À0.85 and À0.69 in Figures 18a and 18b , respectively, showing that the median of N has an inverse correlation with T during SPARTICUS. This indicates that growth by aggregation may be a larger contributing factor or that primary nucleation is less efficient in the warm convective cirrus than in the warm synoptic cirrus sampled during SPARTICUS. A negative correlation of N with T was shown by Heymsfield et al. [2013] , but Krämer et al. [2009] showed a positive correlation of N with T in their study. It is difficult to compare N observed during SPARTICUS to N from past studies due to the different probes used, different ranges of D considered, different assumptions of how the depth of field varies with D used in various optical array probe processing techniques, and the different rejection criteria and acceptance of shattered artifacts.
The medians of β and IWC have correlation coefficients of >0.9 with T for the synoptic cirrus in Figures 18c  and 18e . The increases of β and IWC with T are consistent with the observations of Heymsfield and Heymsfield et al. [2013] , and Luebke et al. [2013] . Because the median N was inversely correlated with T for the SPARTICUS data, the increases of β and IWC with T are consistent with the presence of larger particles in the warmer clouds and with the analysis in section 3 that showed that λ decreased with T. The increase in β and IWC with T could also be due to the increased water vapor at higher T, if, for example, the environment was water saturated, which would contribute to more efficient depositional growth in synoptic cirrus. The correlations are lower (<0.6) in convective cirrus than in synoptic cirrus. Given that β is 3 km À1 at T = À50°C in Figure 18d and 0.5 km À1 in Figure 18c , this weaker correlation could be caused by enhanced supersaturations in convective cores, leading to larger particles forming at the clouds sampled at T = À50°C. This weaker correlation could also indicate that aggregation is more important in convective cirrus than synoptic cirrus. However, without reliable measurements of humidity, definitive statements about the rates of depositional growth cannot be made. Figure 19 shows the normalized frequency of median diameter D m and D mm as a function of T. In Figures  19a-19c both the medians of D m and D mm have correlation coefficients greater than 0.6 with T, but there is a lack of correlation between D mm and T in convective cirrus as shown in Figure 18d . This may be due to the presence of larger crystals at T = À50°C as shown by the values of D mm = 300 μm at this T, which again may be due to could be caused by enhanced supersaturations in convective cores leading to larger particles forming at the clouds sampled. The observations of D m < 110 μm for T < À45°C suggest that sedimentation and aggregation are less significant microphysical processes at these T. Thus, it is more likely that increased depositional growth is contributing to the increase of D m with T for the cirrus sampled at T < À45°C. However, the observations of D m > 110 μm and increased bimodality at T > À45°C suggest that other processes become a more important for such cirrus sampled during SPARTICUS.
There are some possible explanations for the differences between the SPARTICUS microphysical properties and prior observations. Krämer et al. [2009] observed N of 500-10,000 L À1 for T > À60°C, at least 20 times higher than the median and extrema of N 10-500 L À1 in Figures 18a and 18b . Given that the 95th percentile of w during SPARTICUS is 0.68 m s
À1
, the range of N observed during SPARTICUS is lower than Koop et al.'s [2000] estimate of 20-10,000 L À1 , assuming homogeneous nucleation at w ranging 0 to 0.7 m s À1 , indicating that other processes besides homogeneous nucleation must be occurring. It is worth noting that Krämer et al.
[2009] used a standard FSSP to derive N. Thus, the N of Krämer et al. [2009] includes contributions of crystals with D < 15 μm that are not included in Figure 18 or in Heymsfield et al. [2013] . Therefore, it is possible that the differences shown could be due to the inclusion of different sizes of particles in each data set and highlights the need for more advanced measurements of particles with D < 15 μm. In addition, since shattering is hypothesized to greatly contribute to N measured by FSSPs in ice clouds , it is possible that the N in Krämer et al. [2009] is augmented by shattered particles on the FSSP inlets. The shattering of large particles on the FSSP inlet would also cause N to increase with T since the median mass diameter of ice crystals increases with T in Krämer et al. [2009] . In Figures 18a and 18b , N from Heymsfield et al. [2013] is up to a factor of 2 less than the median of N from SPARTICUS for T < À30°C. Since the relationship of N with increasing T from Heymsfield et al. [2013] represents a combination of synoptic and convective cirrus, this could contribute to the differences shown. The N from Field et al. [2007] is less than N from Heymsfield et al. [2013] , with the median N differing by a factor of 3 for T > À40°C. Given that Field et al. [2007] only considered particles of D > 125 μm in their parameterization, the differences between SPARTICUS and their data are caused by the omission of small crystals since the median D m < 125 μm for T < À35°C in Figures 17a and 17b . The D mm from Heymsfield et al. [2013] and from SPARTICUS are both correlated with T for synoptic cirrus. However, D mm from Heymsfield et al. [2013] is up to a factor of 5 higher than D mm from SPARTICUS, especially when T < À40°C, possibly due to the exclusion of particles of D < 50 μm by Heymsfield et al. [2013] in the calculation of D mm and differences in the assumptions made to calculate particle mass from 2-D images.
The difference between the range of IWC observed by Luebke et al. [2013] and that during SPARTICUS could be due to the fact that Luebke et al.
[2013] observed cirrus in different regions and environmental conditions, Journal of Geophysical Research: Atmospheres 10.1002/2015JD023492 especially at T < À55°C. In particular, only tropical and arctic cirrus were sampled by Luebke et al. [2013] at T < À55°C. However, the observations from Luebke et al. [2013] at T > À55°C include midlatitude, tropical, and arctic cirrus. The difference between the median IWC from SPARTICUS and that from Luebke et al. [2013] is less at T > À55°C. The convection observed by Heymsfield et al. [2013] was tropical rather than extratropical as observed during SPARTICUS, which may contribute to the differences in N and IWC shown for the convective cirrus. Furthermore, the anvil cirrus sampled were not inside intense convection, but in stratiform regions of convective systems, which can lead to lower IWC than from data sets that include measurements closer to convective cores such as Heymsfield et al. [2013] . Nevertheless, the direction of the trends in N, D mm , and IWC with T during SPARTICUS is consistent with the direction of the trends observed by Heymsfield et al. [2013] and Luebke et al. [2013] .
Conclusions
This paper examined how gamma fit parameters and bulk parameters, such as number concentration N, bulk extinction β, ice water content (IWC), median diameter D m , and median mass diameter D mm varied as a function of temperature and formation mechanism for midlatitude cirrus during the Small Ice Particles in CirrUS (SPARTICUS) experiment. During SPARTICUS, the SPEC Learjet conducted 101 sorties in midlatitude cirrus with temperatures T from À70°C < T < À20°C using state of the art probes with shatter mitigating tips and processed using techniques that remove shattered artifacts. This study was unique in that the most comprehensive data set of midlatitude cirrus properties ever collected in a field project using such shattered artifact removal techniques was analyzed. In addition, this study used a novel technique to represent SDs as gamma functions by representing the fit parameters as a volume of equally realizable solutions in (N 0 , μ, λ) phase space. These volumes and bulk parameters were examined as a function of cirrus type and temperature T and compared to recent observations of cirrus. This helped identify the processes that contribute to the formation and evolution of midlatitude cirrus. The principal findings of this study are as follows:
1. Small ice crystals with D <~60 μm make substantial contributions to the total number concentration regardless of D mm and have the largest uncertainty in their numbers. Therefore, the use of higher-order moments, such as the second moment, is suggested for evaluation of model fields. 2. An automated technique was developed to detect the presence of multiple modes in a SD. It was found that there was no statistical advantage to using the multimodal fit in terms of goodness of fit of the moments. However, there is an advantage to using multimodal fits in that it is easier to identify the microphysical characteristics of different populations of particles for determining the relative importance of microphysical processes, and in the representation of those processes in models. 3. When two modes were identified, the boundary between them was on average of D = 115 ± 61 μm, similar to previous observations of bimodal SDs from Mitchell et al. [1996] , McFarquhar and Heymsfield [1997] , Jensen et al. [2009] , Zhao et al. [2010] , and Lawson et al. [2010] . 4. No more than two modes were detected in the SDs during SPARTICUS for any time period. 5.1% of the SDs were bimodal for T < À45°C, while 37% were bimodal for T > À45°C. This increase in bimodality with T was consistent with the finding of Zhao et al. [2010] , who hypothesized that the increased bimodality with higher T may be due to heterogeneous nucleation in the presence of particles sedimenting from above. 5. Similar to McFarquhar et al. [2015] and other previous studies, a strong correlation between the gamma fit parameters was observed in both the unimodal and bimodal SDs. 6. For the same N 0 , values of λ increased with T and μ decreased with T in the volumes of equally realizable solutions for the unimodal SDs. This indicated that particles were growing to larger sizes by vapor deposition and aggregation as T increased. 7. The μ and N 0 in the volumes of equally realizable solutions were larger for the same λ in the mode with larger D compared to the mode with smaller D for the SDs with two modes. This, the increasing bimodality with T, and the decreasing λ for the same N 0 with T for the mode with larger D all suggest that particles in the mode with smaller D may be more recently nucleated particles that have undergone growth by vapor deposition and particles with larger D have undergone sorting as they sediment and grow via vapor deposition and aggregation. 8. N was inversely correlated with T while bulk extinction β, ice water content IWC, median diameter D m , and median mass diameter D mm were all strongly correlated with T during SPARTICUS for synoptic cirrus.
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This could be attributable to more efficient particle growth by vapor deposition within the clouds sampled at higher temperatures, increased contributions from sedimentation to lower altitudes, and other factors. 9. N was inversely correlated with T in the convectively generated cirrus during SPARTICUS. This could be attributed to the more efficient aggregation or less efficient primary nucleation within the convective anvils sampled at higher temperatures.
The findings in this paper apply to the midlatitude synoptic and convective cirrus sampled during SPARTICUS and do not necessarily extend to cirrus in other regions or generated under differing meteorological conditions. These results also extend previously observed correlations between gamma fit parameters to a framework that characterizes each mode of a single SD with an ellipsoid of equally realizable solutions instead of a single (N 0 , μ, λ) triplet. The results in this paper can provide insight into the microphysical processes that occur in midlatitude ice clouds. Future studies should extend this analysis to cirrus sampled with probes that use antishatter tips and shattered artifact removal algorithms in a broader range of environmental conditions including those sampled in the tropics and the arctic.
